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19  (a)  Single-Drift  GaAs  Read  Structure  for  60-GHz 
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2.59  x  10s  V/cm,  E(RHS)  =  2.16  x  10s  V/cm  and 
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21  (a)  GaAs  Hybrid  Double-Drift  Profile  for  60-GHz 
Operation  and  (b)  Dc  Solution  at  T  =  500°K  and 
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to 

22  Large-Signal  Results  for  the  Profile  of  Figure  21a 
at  f  =  60  GHz,  T  =  500°K  and  (a  and  b)  Jdc  = 
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23  (a)  Uniform  GaAs  Double-Drift  Doping  Profile  for 
60-GHz  Operation  and  (b)  Dc  Solution  at  T  =  500°K 
and  Jdc  =  18  kA/cm2.  (XA  =  0.34  ym,  Jdc  =  18 

kA/cm2,  E(LHS)  =  1.413  x  10s  V/cm,  E  =  5.658 
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x  105  V/cm  and  E(RHS)  =  1.412  x  105  V/cm) 
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(a)  Double-Read  GaAs  Doping  Profile  for  60-GHz 
Operation  and  (b)  Dc  Solution  at  T  =  500°K  and 
J^c  =  15  kA/cm2.  (X^  =  0.22  pm,  J^c  =  15  kA/cm2, 

E(LHS)  =  2.48  x  10s  V/cm,  E  (LHS)  =  2.87  x  105 

to 

V/cm,  E  =  5.649  x  10s  V/cm,  E.  (RHS)  =  2.57 
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x  10s  V/cm,  E(RHS)  =  2.158  x  10s  V/cm,  = 

2.16  x  1012  cm-2  and  Q  =  1.948  x  1012  cm-2) 

P 

Large-Signal  Results  for  the  Profile  of  Figure 

25a  at  f  =  60  GHz,  T  =  500°K  and  (a  and  b)  J, 
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=  15  kA/cm2,  (c)  V^  =  17-5  V. 
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and  (b)  Dc  Solution  at  T  =  500°K  and  J,  =  18 
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kA/cm2.  (XA  =  0.28  pm,  Jdc  =  18  kA/cm2,  E(LHS) 

=  3.12  x  10s  V/cm,  E  =  7.26  x  10s  V/cm,  E, 

max  ’to 

=  3.77  x  10s  V/cm  and  E(RHS)  =  2.905  x  10s  V/cm) 

Large-Signal  Results  for  the  Profile  of  Figure 
27a  at  f  =  60  GHz,  T  =  500°K  and  (a  and  b) 

dc 

=  18  kA/cm2,  (c)  VRF  =  23  V. 

(a)  Si  Hybrid  Doping  Profile  for  60-GHz  Operation 

and  (b)  Dc  Solution  at  T  =  500°K  and  J,  =  18 

dc 

kA/cm2.  (XA  =0.34  pm,  Jdc  =  18  kA/cm2,  E(LHS)  = 

1.62  x  105  V/cm,  E  =  5.46  x  105  V/cm,  E.  =  2.0! 

max  to 

x  10s  V/cm  and  E(RHS)  =  1.64  x  105  V/cm) 

Large-Signal  Results  for  the  Profile  of  Figure  29a 

at  T  =  500°K,  f  =  60  GHz  and  (a  and  b)  J,  = 

dc 

18  kA/cm2,  (c)  VRF  =  22  V. 

(a)  GaAs  Single-Drift  Diode  for  94-GHz  Operation 

and  (b)  Dc  Solution  at  T  =  500°K  and  J.  =  25 

dc 

kA/cm2.  (XA  =  0.1  pm,  Jdc  =  25  kA/cm2,  ETnny  = 

8.68  x  105  V/cm,  E  =  2.62  x  10s  V/cm,  E(RHS) 

=  2.18  x  105  V/cm  and  =  4.21  x  1012  cm-2) 

Large-Signal  Results  for  the  Profile  of  Figure 
31a  at  f  =  94  GHz,  T  =  500°K  and  (a  and  b)  Jdc 

■  25  kA/cm2,  (c)  V_  =  6.5  V. 
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(a)  Si  Hybrid  Structure  for  94-GHz  Operation 

and  (b)  Dc  Solution  at  T  =  500°K  and  J,  = 
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25  kA/cm2.  (X  =  0.38  um,  Jdc  =  25  kA/cm2 , 

E(LHS)  =  2.24  X  10s  V/cm,  E  =  5.656  x  10s 
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(a)  Doping  Profile  of  Double-Read  GaAs  Diode  for 

94-GHz  Operation  and  (b)  Dc  Solution  at  T  = 
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Large-Signal  Results  for  the  Profile  of  Figure 
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94-GHz  Operation  and  (b)  Dc  Solution  at  T  =  500°K 
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SECTION  1. 


INTRODUCTION 

In  a  previous  report,1  results  of  computer  simulations  of 
GaAs  IMPATT  diode  structures  operating  at  X-band  frequencies  were 
presented,  and  a  description  of  the  finite-difference  computer 
program  and  the  method  of  analysis  were  described.  This  report 
presents  similar  theoretical  results  for  IMPATT  diode  structures 
designed  to  operate  from  30  to  9^  GHz.  In  addition  to  investigating 
GaAs  devices,  results  for  Si  and  InP  are  also  presented.  For  each 
frequency  range  and  material  some  doping  profile  optimization  was 
carried  out,  although  time  did  not  permit  extensive  variation  of  all 
the  parameters.  Therefore,  the  profiles  presented  in  this  report  are 
nearly  optimum,  although  further  adjustment  of  parameters  may  result 
in  slightly  better  performance.  Systematic  optimization  of  some  of 
these  structures  is  currently  being  done,  and  the  results  will  be 
reported  at  a  future  time. 

Since  efficiency  of  these  devices  decreases  with  increasing 
frequency  and  since  dimensions  become  smaller,  heat  sinking  becomes 
even  more  of  a  problem  than  at  X-band.  Therefore,  thermal  limita¬ 
tions  are  taken  into  account  in  this  report  when  calculating  expected 
output  power  for  the  various  structures. 

Comparisons  among  the  uniform  double-drift,  hybrid  double¬ 
drift,  and  double  Read  double-drift  profiles  are  made  at  different 
frequencies  and  for  different  materials.  While  it  was  found1  that 
for  GaAs  at  X-band  the  double  Read  profile  is  optimum,  at  millimeter- 
wave  frequencies  it  is  found  that  the  hybrid  double-drift  profile 


or  the  uniformly  doped  profile  is  optimum  depending  on  the  frequency. 
This  can  he  related  to  the  fact  that  the  ionization  rates  vs.  electric 
field  in  GaAs  are  saturated  for  electric-field  strengths  typically 
found  in  millimeter-wave  IMPATTs . 

Throughout  this  report  the  static  drift-diffusion  model  is 
employed,  although  it  is  known  that  for  GaAs  and  InP  nonequilibrium 
effects  become  significant  at  millimeter-wave  frequencies.  An  im¬ 
proved  model  including  energy  and  momentum  balance  equations  has 
been  developed  for  Si  IMPATT  simulation,2  and  results  have  shown  very 
little  discrepancy  with  the  static  results  up  to  200  GHz.  A  similar 
model  for  GaAs  IMPATT  simulation  is  currently  being  implemented  and 
in  the  near  future  a  similar  comparison  will  be  made  for  GaAs. 


SECTION  2. 


MATERIAL  PARAMETERS 

The  results  of  the  IMPATT  simulations  strongly  depend  on  the 
assumed  material  parameters,  and  unfortunately  some  of  the  parameter 
values  at  the  high  fields  encountered  in  millimeter-wave  IMPATTs  are 
uncertain.  Table  1  gives  the  material  parameters  assumed  for  GaAs. 

The  sources  for  these  parameters  are  given  by  Bauhahn.3  In  addition, 
the  saturated  velocity  for  holes  and  the  ionizations  rates  used  are 
in  accordance  with  recent  measurements  carried  out  at  Raytheon.4 
For  previous  calculations  at  X-band,1  a  saturated  diffusion  coefficient 
of  20  cm2/V-s  had  been  used.  However,  it  was  found  that  at  higher 
frequencies  the  calculated  efficiency  is  very  dependent  on  the  high- 
field  diffusion  coefficient,  and  since  this  value  is  uncertain,  the 
diffusion  coefficient  was  varied  until  the  best  fit  to  experimentally 
obtained  efficiencies  in  the  35-GHz  range  was  obtained.  This 
occurred  when  a  diffusion  coefficient  of  15  cm2/s  was  assumed.  Since 
there  is  some  numerical  diffusion  in  the  program, the  effective 
diffusion  coefficient  is  somewhat  larger  than  15  cm2/s  but  still 
less  than  20  cm2/s. 

The  material  parameters  used  for  the  Si  and  InP  simulations  are 
given  in  Tables  2  and  3,  respectively.  The  sources  for  the  Si 
parameters  are  given  by  Bauhahn.3  The  InP  parameters3’5”11  in  Table 
3  were  obtained  as  follows.  The  InP  ionization  rates  of  Kao  and 
Crowell5”8  at  T  *  500°K  presented  at  the  Cornell  Hot-Electron  Work¬ 
shop  were  used.  (The  measurement  technique  and  previous  measure¬ 
ments  at  room  temperature  are  given  in  Reference  T» )  The  electron 
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TABLE  3 


InP  MATERIAL  PARAMETERS  (T  =  500°K) 

Parameters  have  the  same  functional  form  as  in  Table  1  except 
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saturated  velocity  was  suggested  by  Blakey5  and  is  close  to  the 

value  obtained  from  Monte  Carlo  calculations  by  Fawcett  and  Hill.8 

The  electron  low-field  mobility  was  derived  from  References  5  and 

8  through  11.  Ev,  the  field  corresponding  to  the  peak  electron 

velocity,  was  also  obtained  from  the  calculations  by  Fawcett  and 

Hill.8  The  high-field  diffusion  coefficient  for  electrons,  D  . , 

nsat 

is  close  to  the  value  obtained  by  Fawcett  and  Hill.8  The  low-field 

electron  diffusion  coefficient  D  is  given  by  the  Einstein  rela- 

no 

tionship  and  is  close  to  the  value  calculated  by  Bauhahn,  Haddad 
and  Masnari.11  The  field  E^  used  in  the  Dn(E)  expression  was 
obtained  from  Bauhahn.3  The  values  for  hole  diffusion  coefficient, 
low-field  mobility  and  hole  saturated  velocity  were  suggested  by 
Blakey. 5 


-T- 


SECTION  3. 


THERMAL  RESISTANCE 

In  order  to  calculate  the  expected  power  output  for 
millimeter-wave  IMPATTs,  the  thermal  resistance  of  the  diode  must 
be  known.  For  double-drift  GaAs  IMPATTs,  the  thermal  resistance 
is  given  approximately  by  12 

2  ^lTl  ^2T2 

^TH  “  irK^gd  +  RPKG  +  120  ird2  +  300ird2  ’  ^ 

where  d  is  the  device  diameter  in  cm,  K^s  is  the  thermal  conductivity 

of  the  heat-sink  material  in  W/cm-°K,  R_„„  is  the  portion  of  the 

irlvCj 

thermal  resistance  due  to  the  package  and  bonding  (°K/W),  is  the 
buffer  or  substrate  thickness  (cm),  T  is  the  average  temperature 
( °K)  of  the  buffer  layer,  is  the  active  layer  thickness  (cm) 
between  the  junction  and  the  buffer  layer,  and  T2  is  the  average 
temperature  (°K)  in  the  active  layer. 

The  first  term  in  Equation  1  is  the  spreading  resistance 
which  occurs  at  the  interface  between  the  diode  and  heat  sink. 

It  is  the  result  obtained  by  Kennedy13  for  the  case  of  a  uniform 
circuit  heat  flux  density  incident  on  a  large  cylindrical  heat  sink 
of  thermal  conductivity  (it  should  be  noted  that  the  quantity 

H  in  Equation  9  of  Reference  13  limits  to  1  for  this  case;  also 
conversions  from  calories  to  Joules  and  inches  to  centimeters  are 
necessary  in  k  and  A,  respectively,  in  order  for  the  spreading 
resistance  expressions  to  agree).  The  third  term  in  Equation  1, 
which  is  the  thermal  resistance  of  the  buffer  layer  of  length 


4,  ,  can  be  derived  from  the  expression  in  Appendix  B  of  the  Olson 
paper14  for  thermal  resistance  assuming  one-dimensional  heat  flow: 


R 


Ax 

kA 


(2) 


where  Ax  is  the  length  of  the  section,  k  the  thermal  conductivity, 
and  A  the  cross-sectional  area.  Setting  Ax  =  l  and  equating  these 
two  terms  obtains  the  following  expression  for  the  thermai 
conductivity  of  GaAs  in  the  buffer  layer: 


120  w 
T  cm-°K 


(3) 


l 

Equation  3  agrees  well  with  the  expression  given  in  Appendix 

A  of  the  Olson  paper14  and  also  with  the  experimental  conductivity 

data  in  Figure  7  of  the  Maycock  paper.15  The  final  term  in  Equation 

1,  representing  the  thermal  resistance  of  the  active  layer,  is  of  the 

same  form  as  the  buffer-layer  term  but  is  reduced  by  the  factor  0.4. 

This  is  because  in  deriving  the  active-layer  term,  uniform  heat  genera^ 

tion  throughout  the  active  region  is  assumed.12 

For  these  calculations,  the  thermal  conductivity  of  a  diamond 

heat  sink  is  taken  as  11.7  W/cm-°K  and  that  of  a  copper  heat  sink 

is  3.9  W/cm-°K.  Since  R_„_  is  very  dependent  on  the  package  and 

PKG 

bonding  technique,  it  is  taken  to  be  zero  in  the  thermal  resistance 
calculations. 

From  the  expressions  given  in  Appendix  A  of  Olson,14  it  is 


seen  that  the  thermal  conductivity  of  Si  is  approximately  three 
times  that  of  GaAs.  Therefore,  it  is  expected  that  the  last  two  .terms 
of  Equation  1  will  be  reduced  by  a  factor  of  1/3  for  Si  calculations. 


Also,  from  Figure  8  of  Maycock15  it  is  seen  that  the  thermal 
conductivity  of  InP  is  slightly  higher  than  for  GaAs  hy  approxi¬ 
mately  the  factor  5 A*  Therefore,  the  final  two  terms  of  Equation 
1  are  reduced  by  k/5  in  InP  calculations. 

The  use  of  multiple  mesas  or  ring  geometries  will  reduce 
the  first  term  in  Equation  1,  as  explained  in  the  previous  X-band 
report.1  As  was  done  in  that  report,  it  will  be  assumed  here  that 
an  improvement  of  the  spreading  term  by  the  factor  0.55  is  possible 
by  utilizing  more  efficient  geometries  than  the  single-round  mesa 
structure . 

Once  the  thermal-resistance  expression  is  known,  the  diode 
junction  temperature  T  (°K)  under  large-signal  CW  conditions  is 
given  by 

T  =  300  ♦  Rth(l  -  n)VdcJd(,A  ,  <10 

where  n  is  the  fractional  RF  generation  efficiency,  V  is  the  diode 

dc 

dc  voltage  in  V,  J  is  the  diode  dc  current  density  in  A/cm2,  and 
A  is  the  device  area  in  cm2.  Equation  h  will  be  taken  into  account 
when  estimating  the  power  output  expected  from  these  devices. 
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SECTION  4. 


ESTIMATION  OF  OPTIMUM  CURRENT  DENSITY  AND 
DOPING  LEVELS  AT  DIFFERENT  FREQUENCIES 


As  the  frequency  of  operation  is  varied  in  the  30  to  94  GHz 

range,  it  is  useful  to  develop  expressions  which  roughly  predict 

the  optimum  current  density  and  doping  level  at  each  frequency. 

The  small-signal  impedance  expression  of  Gilden  and  Hines16 

may  be  used  to  estimate  the  optimum  current  density  for  a  Read 

structure  as  follows.  If  it  is  assumed  that  the  avalanche  and  drift 

lengths  are  specified  such  that  the  optimum  transit  angle  (0  =  it)  is 

obtained  and  the  desired  operation  frequency  w  is  specified,  the 

avalanche  resonance  frequency  w  can  be  derived  which  yields  the 

8. 

maximum  small-signal  negative  conductance.  Since  w  is  related  to 

8. 

Jq,  the  following  expression  for  optimum  current  density  is  obtained: 
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where  J  is  in  A/cm2,  e  is  the  dielectric  constant  in  F/cm,  v,  is  the 
o  d 

saturated  velocity  in  cm/s,  £^  and  £&  are  the  drift  and  avalanche 

region  lengths  in  cm,  respectively,  and  a'  is  the  derivative  of  the 

ionization  rate  with  respect  to  electric  field  in  the  avalanche 

region  in  V-1.  The  quantity  a'  is  found  by  first  determining  E  , 

the  field  in  the  avalanche  region,  such  that  ot(E  )£  =  1.  Then 

8  8 

a'(E  )  is  calculated  from  the  ionization  rate  expression. 


Of  course.  Equation  5  is  based  on  many  simplifying  assumptions 
and  can  only  give  a  rough  estimate  of  the  optimum  current  density. 

The  optimum  doping  in  the  drift  region  of  a  Read  structure 
can  be  estimated  if  the  diode  is  designed  to  operate  in  the  pre¬ 
collection  mode  as  follows.  If  the  terminal  voltage  is 
V.  +  sin  (wt),  then  dV/dt  at  315°  in  the  cycle  is  (0.707)«V„,. 

CIC  Kr  iyi* 

( 315°  is  chosen  because  it  is  halfway  into  the  last  quarter  cycle.) 
Recalling  that  the  expression  for  the  velocity  of  the  depletion 
edge  on  the  n-side  is1 


dw 

dt 


dV 


qwN^(w)  dt 


(6) 


(where  the  diode  is  punched  through  on  the  p-side  and  w  is  the  width 


of  the  depleted  region),  an  approximate  expression  for  is  obtained 


if  it  is  required  that  the  depletion  edge  moves  at  the  peak  velocity, 
, ,  at  315°  in  the  cycle.  This  gives 
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Once  V,  is  known  for  the  structure  (by  assuming  a  favorable 
dc 


electric  field  profile),  V„_  can  be  estimated.  Equation  7  then 

nr 


gives  a  starting  point  for  optimum  doping  profile  determination. 


SECTION  5 


RESULTS  AT  30  GHz 

As  a  first  step,  Bquation  5  is  evaluated  for  GaAs  to  obtain 

an  estimate  of  the  dc  current  density  for  operation  at  30  GHz. 

For  a  one-sided  GaAs  Read  structure  with  i  =  0.2  pm  and  £,  =  0.83  urn 

a  d 

(chosen  so  that  0  =  7r),  it  is  found  that  a  =  5  x  104  cm-1  and  from 
the  a(E)  expression  in  Table  1,  E  =  5-67  x  105  V/cm.  Thus  a'  = 

€L 

0.23  V-1,  and  evaluating  Equation  5  at  30  GHz  yields  Jq  =  8.48  x  103 
A/cm2 . 

For  Si  and  InP,  Equation  5  is  not  applicable  because  the 

ionization  rates  for  holes  and  electrons  are  not  equal.  However, 

for  Si,  if  one  performs  the  calculation  first  using  the  ionization 

rate  expression  for  electrons  and  then  the  rate  expression  for  holes 

in  Table  2,  one  finds  in  both  cases  that  JQ  is  substantially  less 

than  the  J  for  GaAs;  it  is  2.65  x  103  A/cm2  for  electrons  and 
o 

2.36  x  103  A/cm2  for  holes.  Therefore,  it  is  expected  that  the  Si 
Read  diode  will  operate  at  considerably  lower  current  densities 
than  the  GaAs  diode,  mostly  due  to  the  larger  slope  of  the  ioniza¬ 
tion  rates  for  Si. 

For  InP,  Equation  5  is  not  applicable  since  the  ionization 

rates  for  holes  and  electrons  are  quite  different,  and  very  different 

results  are  obtained  for  Jq  depending  on  which  is  used. 

Equation  7  can  be  used  to  estimate  the  optimum  needed  to 

obtain  the  precollection  mode  for  a  GaAs  double  Read  structure 

at  30  GHz.  It  has  already  been  found  that  E  *  5*67  x  10s  V/cm  for 

& 

an  avalanche  region  width  of  0.2  vim.  If  it  is  assumed  that  the 


drift-region  field  is  constant  and  equal  to  2.6  x  105  V/cm  and 
that  the  drift  length  is  0.67  pm  long,  a  dc  voltage  of  46  V  is 
estimated.  Since  the  optimum  V  is  typically  O.65  for  GaAs, 

Rr  dC 

the  value  V_„  =  30  V  is  used  in  Equation  7.  When  v  =  107  cm/s 
Rf  max 

and  w  =  1.54  pm,  the  value  Np  =  1.8  x  1016  cm-3  is  obtained. 

Figure  la  shows  a  doping  profile  for  a  GaAs  hybrid  IMPATT 

that  was  simulated  at  30  GHz,  and  Figure  lb  shows  the  dc  solution 

for  J^c  =  9  kA/cm2.  Plots  of  the  large-signal  results  obtained 

for  this  structure  at  T  =  500°K  are  given  in  Figure  2.  The 

maximum  efficiency  was  23.21+  percent  for  J  =9  kA/cm2  and  V  = 

dc  RF 

31.5  V.  The  maximum  power  density  obtained  was  P  =  1.216  x  105 

RF 

W/cm2  at  Jdc  =17.1  kA/cm2  and  VRp  =  31.5  V. 

Table  4  lists  some  of  the  large-signal  results  vs.  J, 

dc 

plotted  in  Figure  2c.  Also  given  in  Table  4  are  the  dc ,  RF  and 
dissipated  powers  in  W  that  would  result  if  the  diode  area  is 
chosen  so  that  the  diode  exhibits  1-ft  negative  resistance.  This 
value  of  area  is  given  by 


A 


-  G„ 


GA  +  BA 


(8) 


If  the  area  were  chosen  larger,  the  negative  resistance  would  be 
smaller  than  1  Q,and  PRR  would  be  greater.  However,  since  it  is 
difficult  to  match  the  diode  with  a  circuit  whose  resistance  is 
below  1  fi,  the  values  in  Table  4  are  reasonable  estimates  of 
the  maximum  electronic  power  generating  capabilities  of  the  diode. 
These  values  can  also  be  determined  if  the  circuit  load  resistance 


for  a  particular  circuit  is  known  and  is  different  from  1  fl. 


Figure  1. 


0  0.96  1.06  1.68  x,  pm 

(o) 


CM 


DISTANCE,  MICRONS 
(b) 


(a)  GaAs  Hybrid  Profile  for  30-GIJz  Operation  and  (b)  Dc 

Solution  at  T  =  500°K  and  J.  =9  kA/cm2.  (X.  =  0.4U  um 

dc  A 

Jdc  =  9  kA/cm2,  Emax  *  5-31  x  10s  V/cm,  E^g  =  1.52  x  10 
V/cm,  E^o  =  2.61  x  105  V/cm  and  E^g  ~  1.71  x  10s  V/cm) 


m  MOLTS 


Figure  2 


(a) 


(b) 


Large-Signal  Results  for  the  Profile  of  Figure  la  at 
T  =  500°K,  f  ,=  30  GHz  and  (a  and  b)  Jdc  =  9  kA/cm2, 


(c)  V„ 


=  31.5  V. 


LARGE- SIGNAL  SIMULATION  RESULTS  FOR  THE  GaAs  HYBRID  PROFILE  IN  FIGURE  la  AND  POWER  LEVELS 
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The  term  "electronic"  power  means  that  thermal  effects 
are  ignored,  and  the  diode  is  assumed  to  be  at  a  constant  tempera¬ 
ture.  These  power  levels  may  be  achievable  under  very  short  (much 
lower  than  the  device  thermal-time  constant)  pulse  conditions. 

0  is  the  thermal  resistance  which  is  required  so  that  the  diode 
temperature  rise  does  not  exceed  225 °C  above  the  ambient  temperature. 
D  is  the  diode  diameter  in  mils  corresponding  to  the  area  A  in  cm2. 

Of  course,  not  all  the  P  values  in  Table  4  are  achievable  in 

nr 

practice  tinder  CW  conditions.  This  is  because  for  some  values  of 

diameter  D  the  thermal  resistance  achievable  in  practice  is  larger 

than  the  required  0_.  Therefore,  if  the  diode  were  operated  at  that 

n 

power  level ,  the  temperature  rise  would  exceed  225°C,  and  the  diode 
would  burn  out.  The  achievable  thermal  resistance  0  is  calculated 
using  Equation  1.  As  previously  mentioned,  the  package /bonding  term 
R  is  assumed  to  be  zero,  due  mostly  to  lack  of  knowledge  of  this 

FK.U 

parameter.  The  buffer  layer  thickness  is  assumed  to  be  0.5  pm, 
and  the  average  buffer  layer  temperature  T^  is  assumed  to  be  450°K. 
For  this  structure  (see  Figure  la),  the  active  layer  thickness  is 
taken  to  be  the  p-layer  thickness  and  is  therefore  0.96  pm.  The 
average  temperature  in  the  active  layer  T?  is  assumed  to  be  500°K. 

Four  different  cases  will  be  considered.  The  first  case  is 
for  a  single  diode  mesa  on  a  copper  heat  sink.  The  thermal  resis¬ 
tance  for  this  case  is  denoted  by  0(CM).  Since  the  thermal 
conductivity  for  copper  is  3.9  W/cm-°K,  Equation  1  becomes 


6(CM) 


64.27 

d 

m 


68.58 


(9) 


-18- 


where  d  is  the  diameter  in  mils.  For  the  case  of  a  single  mesa  on 
m 

a  diamond  heat  sink,  denoted  by  DM,  evaluating  Equation  1  using 
Kjis  *11.7  W/cm-°K  for  diamond  yields 

6(DM)  =  2~~  +  .  (10) 

m  m 

The  remaining  two  cases  use  ring  geometries  instead  of  a  single 
mesa.  As  explained  in  Reference  1,  using  an  aspect  ratio  of  U 
reduces  the  spreading  term  in  Equation  1  by  0.55*  If  this  aspect 
ratio  is  assumed,  the  thermal  resistance  for  a  ring  geometry  on  a 
copper  heat  sink,  denoted  by  8(CR),  is 

o(cr)  .  ,  (u) 

m  m 

where  d  is  the  equivalent  diode  diameter,  i.e.»  ird2/U  is  the  area 
m  m 

of  the  diode  annulus.  For  the  case  of  a  ring  geometry  on  a  diamond 
heat  sink,  the  thermal  resistance  is 


0(DR) 


(12) 


It  is  seen  that  for  all  these  cases,  the  thermal  resistance 
has  the  form 


0 


m  m 


(13) 


If  it  is  required  that  the  diode  temperature  rise  not  exceed  225°C, 
Equation  U  becomes 

trd2  (2.  5k  x  10-3)2 

{1  -  n)VdcJdc  — - 5 -  ‘  225  • 

(1U) 


-19- 


where  2.5*+  x  10-3  is  the  conversion  factor  for  mils  to  cm.  Solving 

for  d  yields 
m 


if  U.UU  x  107 

M(1  -  "’Vac 


(15) 


Therefore,  the  maximum  achievable  power  from  thennal  consid¬ 
erations  is  calculated  by  taking  the  equality  sign  in  Equation  15. 

Therefore,  two  methods  of  calculating  the  maximum  diode 
diameter  and  maximum  power  generated  are  now  available.  One  is  from 
matching  considerations  in  Equation  8,  where  a  minimum  circuit  resis¬ 
tance  of  1  S)  is  assumed.  The  second  method  is  from  thermal  consid¬ 
erations  in  Equation  15-  To  estimate  the  maximum  achievable  power 
in  practice,  the  procedure  is  to  calculate  the  device  diameter  using 
both  methods  and  then  to  choose  the  minimum  of  these  two  values. 

This  procedure  has  been  carried  out  for  the  data  of  Table  b, 
and  the  results  are  given  in  Table  5.  Results  for  each  combination 
of  diode  geometry  and  heat-sink  material  are  given.  D  is  the  minimum 
diameter  for  each  case  as  discussed  in  the  previous  paragraph.  0  is 
the  corresponding  achievable  thermal  resistance  for  this  diameter 

as  calculated  from  Equation  9  through  12.  P_  is  the  RF  power 

nr 

corresponding  to  the  given  diameter;  it  is  therefore  the  estimate  for 

the  maximum  achievable  CW  RF  power  in  practice. 

It  is  seen  from  Table  5  that  for  low  values  of  J,  ,  the 

dc 

power  generation  is  electronically  limited.  For  higher  J^c  values, 
the  power  output  is  thermally  limited. 

For  pulsed  operation,  higher  peak  powers  than  those  given 


in  Table  5  are  possible  since  the  thermal  limitation  is  relaxed. 


TABLE  5 

CW  RESULTS  FOR  THE  PROFILE  IN  FIGURE  la  AT  30  GHz  TAKING  INTO  ACCOUNT 


This  depends  on  the  pulse  width  relative  to  the  thermal-time 
constant  and  the  duty  cycle. 

The  GaAs  double  Read  structure  of  Figure  3a  and  b  was 

simulated  at  30  GHz.  Large-signal  results  vs.  VRjr  at  J  =  9  kA/cm2 

are  presented  in  Figure  4a  and  b.  Figure  4c  presents  large-signal 

results  vs.  J^c  at  VpF  =  28  V,  the  voltage  at  which  maximum 

efficiency  in  Figure  4a  was  obtained.  The  maximum  efficiency 

obtained  for  this  structure  was  n  =  25.6  percent  at  V  =  28  V  and 

nF 

Jdc  =  7  kA/cm2;  the  maximum  power  density  was  PRF  =94.6  kW/cm2 

at  V„„  =  28  V  and  =  11.14  kA/cm2. 

RF  dc 

Table  6  presents  large-signal  results  vs.  at  VRF  =  28  V, 
along  with  electronic  powers  obtainable  if  the  diode  is  matched  to 
1-0  resistance.  Comparison  with  Table  4  shows  that  the  electronic 
power  for  the  hybrid  structure  is  larger  than  for  the  double  Read 
structure.  This  is  because  the  doping  on  the  p-side  of  the  hybrid 
structure  is  larger  than  the  p-doping  in  the  double  Read  drift 
region,  so  that  space-charge  effects  are  not  as  severe  for  the 
hybrid,  and  it  can  operate  at  higher  current  densities  than  the 
double  Read  structure.  Therefore,  the  hybrid  structure  is  superior 
for  pulsed  applications  where  excessive  heating  is  not  a  problem. 

However,  when  ohermal  effects  are  included  to  evaluate  CW 
performance,  the  double  Read  structure  can  generate  more  power  than 
the  hybrid.  The  thermal-resistance  expressions  for  the  double  Read 
diode  corresponding  to  Equations  9  through  12  and  using  £ =  O.76  pm 
from  Figure  3a  for  the  hybrid  are 

0  (CM)  =  +  p  ,  (16) 

m  m 
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Figure  3.  (a)  GaAs  Double-Read  Profile  for  30-Griz  Operation  and 

(b)  Dc  Solution  at  T  =  500°K  and  Jdc  =  9  kA/cm2.  (X^  = 

0.26  pm,  Jdc  =  9  kA/cm2,  E(LHS)  =  2.03  x  10s  V/cm,  EtQ ( LHS ) 
=  2.8  x  10s  V/cm,  E  =  5.16  x  105  V/cm,  E  (RHS)  =  2.606 

ITlcLX  ^ 

X  105  v/cm,  E(RHb)  =  1.8l  x  105  V/cm,  Integrated  Doping 
Spike  Qp  =  1.632  x  1012  cm-2  and  Qn  =  1-78  x  1012  cm-2) 
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Figure  U.  Large-Signal  Results  for  the  Profile  of  Figure  3a  at 
T  =  500°K,  f  =  30  GHz  and  (a  and  b)  J  =  9  kA/cm2, 


LARGE-SIGNAL  RESULTS  FOR  THE  GaAs  DOUBLE  READ  PROFILE  IN  FIGURE  3a 


e(DM) 


(17) 


6(cr) 

and 

6(DR) 

Again  restricting  the  maximum  diode  temperature  rise  to  225°C  and 

evaluating  Equations  13  through  15  gives  the  data  presented  in  Table 

7.  As  before,  for  low  values  of  the  power  generation  capability 

is  electronically  limited,  and  for  higher  values  of  J,  it  is 

dc 

thermally  limited.  For  every  geometry  and  heat-sink  material,  the  double 

Read  structure  can  generate  more  CW  power  than  the  hybrid  at  30  GHz. 

In  addition  to  these  GaAs  structures.  Si  and  InP  hybrid  profiles 

were  simulated  at  30  GHz.  Figure  5a  shows  the  Si  hybrid  profile  used, 

and  Figure  5b  shows  the  dc  solution  at  T  =  500°K  and  J,  =3.5  kA/cm2. 

ac 

Large-signal  results  vs.  VRF  at  Jdc  =  3.5  kA/cm2  are  plotted  in 

Figure  6a  and  b.  Figure  6c  shows  large-signal  results  vs.  J  at 

V  =  36  V;  both  the  maximum  efficiency  and  power  points  appear  in 
nr 

this  curve.  The  maximum  efficiency  obtained  was  n  =  22.73  percent 
at  J^c  =2.5  kA/cm2,  and  the  maximum  electronic  power  density  was 
79-3  kW/cm2  at  J^c  =  7-9  kA/cm2.  It  should  be  noted  that  Si  hybrid 
operates  at  considerably  lower  current  densities  than  the  GaAs 
diodes,  as  was  predicted  from  Equation  5  at  the  beginning  of  this 
section. 

Large-signal  results  vs.  J.  at  V  =  36  V  are  given  in 

CLC  nr 

Table  8.  To  determine  the  thermal-resistance  expressions,  it  is 
noted  from  Figure  5a  that  the  length  of  the  p-side  is  1.68  pm; 
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CW  RESULTS  FOR  THE  PROFILE  IN  FIGURE  3a  AT  30  GHz  TAKING  INTO  ACCOUNT 


0  1.68  1.82  2.86  x, 

(a) 


DISTANCE,  MICRONS 
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Figure  5-  (a)  Si  Hybrid  Profile  for  30-GHz  Operation  and  (b)  Dc 

Solution  at  T  =  500°K  and  J,  =3.5  kA/cm2.  (X,  =  0.5  pm 

dc  A 

J,  =  3.5  kA/cm2,  E(LHS)  =  1.206  x  105  V/cm,  E  =  U.8l 
dc  max 

x  10s  V/cm,  Eto  =  1.7  x  10s  V/cm  and  E(RHS)  =  1.203 
x  10s  V/cm) 


t 


s 


h 


CO 

w 

I 


w 

& 


rs 

o 

Ph 

P 


at 

in 

W 

« 

g 

H 

P 

s 


w 

p 

H 

p 

o 

« 

P 


P 

m 

« 


to 

w 


P 

o 

p 

CO 

Eh 


VO 

m 


g 

CO 

w 

p 

3 

g 

M 

CA 

pi 

o 

« 

3 


p 

P 


N 

» 

o 

o 

00 

II 

<H 

w 

o 


p 

CO 

M 

a 

P 

G 

I 


§ 

O 

S5 

HH 

P 

O 

Eh 


m 

a 


is 

« 

o 


p 


p 


p 


pq 


U) 

LTN 

h- 

vo 

oo 

VO 

vo 

CM 

CM 

ON 

-d 

.a- 

rH 

rn 

ON 

vo 

o 

ON 

CO 

i r\ 

C— 

O 

CM 

LTV 

t- 

•rl 

• 

• 

• 

■ 

• 

• 

• 

• 

• 

• 

• 

-d 

-3- 

ir\ 

vo 

vo 

t- 

CO 

OO 

OV 

Ov 

On 

OV 

rH 

VO 

rH 

p 

oo 

vo 

CO 

VO 

L/\ 

t— 

vo 

p 

o 

On 

3 

o 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

-d 

-d 

On 

r- 

.d 

CM 

rH 

rH 

rH 

rH 

rH 

O 

' — ■" 

CM 

rH 

ON 

U) 

on 

CM 

-d 

o 

t— 

-d 

CA 

*• - V 

• 

• 

• 

• 

• 

• 

•H 

:* 

ov 

ITS 

cn 

CM 

ITN 

On 

CO 

o 

rH 

-d- 

co 

cn 

rH 

CM 

on 

l/\ 

CO 

CM 

-d 

vo 

00 

o 

on 

4 

rH 

«H 

H 

rH 

CM 

CM 

p 

P 


O  3e 
>d  • — - 


O 

l 


o  N 

ja  S 

1-3  O 


C- 

C\j 


p 


O  < 


J- 

I 

o 


CM 

CM 


on 

VO 


CM 

ON 


o 


vo 

ON 


o 

VO 


CM 


t— 

-d 


ON 


l/\ 

00 


VO 


on 


o 

on 


vo 


on 

CM 


ON 


CM 


on 

l/N 


vo 


CM 

CM 


CM 


CM 


CM 


ON 

CM 


O 

on 


o 

t— 


vo 


CM 

on 


ON 


NO 


-d 

on 


ON 


CM 

CM 


on 


on 

vo 


CM 

a 


ITS 

CM 


CM 

CM 


on 

vo 


t- 

r- 

_d 


ON 

LTN 


CM 

CM 


on 

vo 


-d 

vo 


vo 

00 


CM 


-d 

vo 


c- 

-d 


CM 


O 

CM 


CM 


-d 

vo 


l/N 

t— 


on 

r— I 

on 


no 

co 


co 

t- 


co 

vo 


co 

LTN 


-d 

vo 


ir\ 

-d 


CM 


on 


co 


on 

vo 


vo 

vo 


CM 


LTN 

OO 


vo 


on 

vo 


LTN 

O 


on 


CM 

rH 

-d 


on 

vo 


LTN 

d~ 


on 


r— 

on 


o 

vo 

vo 


oo  oo 
-d  on 
vo  vo 


-d 

f— i 

vo 


ir\ 

oo 

l f\ 


t- 

l/N 

un 


t— 

-d 

l/\ 


rH 

on 

l/\ 


-30- 


VO 

CO 


OO 

-=f 


p 


m 

vo 


co 

cn 


vo 

j- 


vo 

co 


o 

..-=}■  t— 
p  p  p 


vo 

co 


co 

vo 


co 

p 


oo 

-s» 


LA  00  H 

r-H  0\  CO 

in 


a 

CM 

t- 

vo 

on 

d 

t- 

on 

-=r 

o 

• 

• 

• 

• 

• 

• 

• 

• 

on 

LTN 

C — 

VO 

un 

rH 

O 

o 

CM 

CM 

rH 

00 

o 

-d 

LTN 

vo 

ON 

rH 

CM 

CM 

CM 

CM 

CM 

rH 

-S 

rH 

rH 

i — \ 

rH 

rH 

rH 

rH 

i/n 

oo 

d 

l/N 

VO 

VO 

OV 

d 

On 

d 

Ov 

■ 

• 

* 

• 

• 

• 

• 

• 

• 

• 

CM 

on 

on 

d 

L/N 

vo 

vo 

t— 

00 

CO 

1 


71 


9' 


therefore  l2  =  1.68  x  10-4  cm  is  used  in  Equation  1.  As  before,  it  is 
assumed  that  T2  =  500°K,  ^  *  0.5  x  10-4  cm  and  T  =  1*50°K.  As 
was  noted  in  Section  3,  the  thermal  conductivity  of  Si  is  approxi¬ 
mately  3  times  that  of  GaAs ;  therefore  the  final  two  terms  in  Equation 
1  are  reduced  by  the  factor  1/3.  Then  the  expressions  for  thermal 
resistance  of  the  Si  hybrid  are 
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Evaluating  Equations  13  through  15  along  with  the  thermal- 
resistance  expressions  in  Equations  20  through  23  gives  the  expected  CW  power 
levels  in  Table  9.  Because  of  the  lower  thermal  resistance  for  Si, 
the  CW  powers  in  Table  9  are  greater  than  for  either  the  GaAs  hybrid 
structure  or  the  GaAs  double  Read  structure.  The  electronic  powers 
in  Table  8  are  lower  than  for  the  GaAs  hybrid  in  Table  U,  indicating 
that  the  GaAs  hybrid  is  capable  of  generating  more  power  tinder  pulsed 
conditions  than  the  Si  hybrid. 

The  final  structure  simulated  at  30  GHz  is  the  InP  hybrid 
profile  shown  in  Figure  7a.  The  dc  solution  for  this  profile  at 
T  =  500°K  and  JVj  =  7  kA/cm2  is  shown  in  Figure  7b. 

Large-signal  results  for  the  InP  hybrid  vs.  V  are  shown 

Rr 

in  Figure  8a  and  b,  and  results  vs.  J^c  at  =  1*2  V  are  plotted 
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(a)  InP  Hybrid  Profile  for  30-GHz  Operation  and  (b)  Dc 

Solution  at  T  =  500°K  and  Jdc  =  7  kA/cm2.  (XA  =  0.54  ym 

J,  =7  kA/cm2,  E(LHS)  =  3.0  x  10s  V/cm,  E  =  6.658 
dc  max 

x  10s  V/cm,  Eto  =  3.772  x  105  V/cm  and  E(RHS)  =2.89 
x  105  V/cm) 
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in  Figure  8c.  Table  10  presents  large-signal  results  vs.  J^c 

and  electronic  powers  obtained  by  matching  the  diode  to  1-Q 

resistance.  The  maximum  efficiency  obtained  was  27.2  percent  at 

J  =  6.06  kA/cm2  and  V  =  42  V,  which  is  larger  than  the 

efficiencies  obtained  from  any  of  the  other  structures  simulated  at 

30  GHz.  From  Figure  7a,  the  active  (p)  layer  width  for  thermal- 

resistance  calculations  is  SL  -  0.9  x  10-4  cm;  also  it  is  assumed 

2 

as  before  that  =  0.5  x  10“4  cm,  TJ  =  450°K  and  T?  =  500°K.  As 
noted  in  Section  3,  the  thermal  conductivity  of  InP  is  approxi¬ 
mately  1.25  times  that  of  GaAs;  therefore  the  last  two  terms  of 
Equation  1  are  reduced  by  a  factor  of  0.8.  Then  the  thermal 
resistances  for  the  InP  hybrid  of  Figure  7a  are 
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Evaluating  Equations  13  through 

i  15  together  with  the 

expressions 

Equations  24  through  27  yields 

the  CW  powers 

in  Table  11. 

Although  the  maximum 

efficiency 

for  the  InP  hybrid  is 

large,  the  electronic  power 

generated  at  the 

maximum 

efficiency 

point  is  less  than  for  the  GaAs 

structures. 

This  is 

because  the 

GaAs  diodes,  especially  the 

hybrids ,  operate  at  higher  current 
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FOR 


densities  than  the  InP  hybrids.  This  power  is  greater  than  for 
the  Si  hybrid,  since  the  Si  hybrid  operates  at  a  lower  current 
density  than  the  InP  hybrid  at  the  maximum  efficiency  point.  At  the 
maximum  electronic  power  points,  both  the  Si  hybrid  and  the  GaAs 
hybrid  generate  more  power  than  the  InP  hybrid. 

In  summary,  the  simulations  at  30  GHz  show  that  for  CW  opera¬ 
tion,  the  Si  hybrid  is  capable  of  generating  the  most  RF  power  due 
to  its  high  thermal  conductivity.  Another  advantage  of  Si  is  that 
diodes  of  larger  area  can  be  matched  to  1-ft  circuit  resistance  since 
the  diode  susceptance  is  more  nearly  equal  in  magnitude  to  the  diode 
conductance  (see  Equation  8). 

For  pulsed  applications  where  excessive  heating  is  not  a 
problem,  the  uniformly  doped  GaAs  hybrid  structure  was  found  to 
generate  the  most  RF  power. 


SECTION  6. 


RESULTS  AT  1+0  GHz 

The  use  of  Equations  5  for  GaAs  with  l  =  0.2  pm  and  i,  = 

a  a 

0.625  ym  predicts  from  the  simplified  analysis  that  maximum  small- 
signal  negative  conductance  for  a  Read  structure  at  40  GHz  is 
obtained  for  J^c  =  15-*+  kA/cm2.  Also,  Equation  7  is  evaluated  to 
estimate  the  doping  needed  to  obtain  the  precollection  mode  in  GaAs 
at  U0  GHz.  Of  course,  the  validity  of  Equation  7  at  4o  GHz  is  sus¬ 
pect  since  it  is  questionable  whether  the  standard  precollection 
mode  can  be  obtained  at  this  frequency.  This  can  only  be  deter¬ 
mined  by  carrying  out  energy  and  momentum  conserving  IMPATT  simula¬ 
tions  for  GaAs,  which  will  be  done  in  the  course  of  the  program. 

It  is  found  that  V,  for  the  GaAs  double-drift  structures  for 
dc 

UO-GHz  operation  is  typically  approximately  36  V.  When  V  = 

RF 

0.65  V^c  and  w  =  1.2  ym  in  Equation  7»  the  value  =  2.39  x  1016 
cm-3  is  obtained. 

Figure  9a  shows  a  GaAs  hybrid  doping  profile  simulated  at 
40  GHz;  the  dc  solution  at  T  =  500°K  and  J^c  =  10  kA/cm2  is  shown 
in  Figure  9b.  Figure  10a  and  b  shows  plots  of  the  large-signal 
results  vs.  at  T  =  500°K,  f  =  40  GHz,  J^c  *  11  kA/cmZ,  and 
Figure  10c  shows  large-signal  results  vs.  J^c  at  T  =  500°K  and 
V  =  26  V.  The  best  efficiency  obtained  for  the  GaAs  hybrid 

nr 

was  n  -  20.5  percent  at  J  =  11  kA/cm2  and  V  =  26  V,  and  the 

dC  nr 

maximum  electronic  RF  power  density  was  P-.-,  =  131.3  kW/cm2  at 

nr 

J^c  =  26  kA/cm2  and  =  26  V.  Table  12  shows  the  large-signal 

results  vs.  J,  at  f  =  40  GHz  and  V_„  =  26  V.  When  it  is  noted 
dc  Rr 
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LARGE-SIGNAL  RESULTS  FOR  THE  GaAs  HYBRID  PROFILE  OF  FIGURE  9a  AND  POWER  LEVELS 


20. 


from  Figure  9a  that  the  p-region  width  is  lz  =  0.6  x  10-4  cm 
and  =  0.5  x  10-1*  cm,  as  before,  for  the  buffer-layer  thickness, 
the  thermal-resistance  expressions  for  this  structure  become 
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Evaluating  Equations  13  through  15  together  with  the  expressions 
in  Equations  28  through  31  yields  the  CW  power  data  given  in  Table  13.  It  should 
be  noted  that  for  the  CM  case  (copper  heat  sink,  single  mesa),  the 
CW  power  levels  are  all  thermally  limited.  For  the  other  cases,  as 
before,  for  low  values  of  J^c  the  power  is  electronically  limited, 
and  for  nigher  values  of  Jdc  the  power  is  thermally  limited. 

Figure  11a  shows  a  double  Read  GaAs  profile  simulated  at 
40  GHz.  The  dc  solution  for  this  profile  is  shown  in  Figure  lib. 
Large-signal  results  vs.  V  at  T  =  500°K,  f  =  40  GHz  and  J  =9 

Kr  QC 

kA/cm2  are  plotted  in  Figure  12a  and  b,  and  results  vs.  J^c  at 

V  =  23  V  are  plotted  in  Figure  12c.  The  maximum  efficiency  was 

n  =  20.83  percent  at  J,  =6.02  kA/cm2  and  V  =  23  V,  and  the  maximum 

electronic  RF  power  density  was  P  =  86. l6  kW/cm2  at  =  l6 

kA/cm2  and  V  =  23  V.  Table  l4  lists  the  large-signal  results 
Kr 

vs.  J^c  along  with  the  electronic  power  generated  when  the  device 
exhibits  1-fl  negative  resistance.  In  Figure  11a  it  is  seen  that 
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the  width  of  the  p-type  region  is  0.6  pm,  the  same  as  for  the  hybrid 
structure  previously  considered.  Therefore,  the  thermal-resistance 
expressions  given  in  Equations  28  through  31  are  also  applicable  to 
the  double  Read  structure.  Solving  Equations  13  through  15  for  this 
case  yields  the  data  given  in  Table  15.  Comparisons  with  the  data 
in  Table  13  for  the  hybrid  shows  that  for  the  single  mesa  cases, 
the  double  Read  is  capable  of  generating  more  CW  power  than  the 
hybrid  structure. 

In  addition  to  the  GaAs  double-drift  structures  simulated  at 
4o  GHz,  a  single-drift  GaAs  Read  structure  was  simulated.  Figure 
13a  shows  the  doping  profile,  and  Figure  13b  is  the  dc  solution 
at  T  =  500°K  and  Jdc  =  8  kA/cm2.  Large-signal  results  at  T  =  500°K, 
f  =  40  GHz  and  J  =  8  kA/cm2  are  plotted  in  Figure  lUa  and  b,  and 
results  vs.  J,  at  =  13.5  V  are  given  in  Figure  l4c.  Table  16 

uC  nr 

presents  the  data  for  large-signal  runs  vs.  J^.  The  maximum 

efficiency  obtained  for  this  structure  was  n  =  18.1  percent  at 

J,  =7-02  kA/cm2  and  V  =  13.5  V,  and  the  maximum  RF  power  density 
dc  rir 

was  Ppp,  =  33.6  kW/cm2  at  Jdc  =  12.1  kA/cm2  and  VRF  =  13.5  V.  When 

fc2  =  0  in  Equation  1  and  J,  =0.5  pm  as  before,  the  thermally 

limited  RF  powers  were  calculated  for  this  device  by  solving 

Equations  13  through  15.  However,  for  every  geometry  and  heat-sink 

material  combination,  the  resulting  diode  diameter  was  larger  than 

the  corresponding  diameter  given  in  Table  16.  Therefore,  for  all 

cases  this  device  is  electronically  limited. 

The  doping  profile  for  the  Si  hybrid  structure  simulated  at 

Uo  GHz  is  given  in  Figure  15a,  and  the  dc  solution  at  T  =  500°K  and 

Jj  =7.5  kA/cm2  is  shown  in  Figure  15b.  Figure  l6a  and  b  shows 
dc 
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Figure  13.  (a)  Single-Drift  GaAs  Read  Structure  for  ^O-GHz  Operation 


and  (b)  Dc  Solution  at  T  =  500°K  and  J. 


8  kA/cm2. 
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Figure  l4.  Large-Signal  Results  for  the  Profile  of  Figure  13a  at 
f  =  UO  GHz,  T  =  500°K  and  (a  and  b)  Jdc  *  8  kA/cm2 , 
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Figure  15.  (a)  Si  Hybrid  Profile  for  i+O-GHz  Operation  and  (b)  Dc 

Solution  at  T  =  500°K  and  J,  =7.5  kA/cm2.  (X.  =  0. 

dc  A 

J.  =7.5  kA/cm2,  E(LHS)  =  1.32  x  105  V/cm,  E  =5- 
dc  max 

x  10s  V/cm,  E  =  1.82  x  10s  V/cm  and  E(RHS)  =  1.3*+ 
x  10s  V/cm) 
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the  large-signal  results  vs.  at  Uo  GHz,  and  Figure  l6c  shows 
large-signal  results  vs.  J^.  The  maximum  efficiency  was 
n  =  21.0  percent  at  J,  =  5.^7  kA/cm2  and  =  29  V,  and  the 

ClC  nr 

maximum  electronic  RF  power  density  was  P„  =  97.8  kW/cm2  at  Jj 

Hr  dc 

=12.6  kA/cm2  and  =  29  V.  Table  17  presents  the  large-signal 

i\r 

results  vs.  J,  .  From  Figure  15a  it  is  seen  that  £  =  1.26  x  10“ 4 

dc  2 

cm.  Using  £^  =  0.5  x  10-4  cm  as  before  and  reducing  the  last  two 
terms  of  Equation  1  by  1/3  due  to  the  higher  thermal  conductivity 
of  Si  gives  the  following  thermal-resistance  expressions: 


and 
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(35) 


Solving  Equations  13  through  15  and  32  through  35  yields  the 

CW  data  of  Table  18  for  the  Si  hybrid.  Again  due  to  the  higher 

thermal  conductivity  of  Si,  the  Si  hybrid  structure  is  capable 

of  generating  more  CW  RF  power  than  the  GaAs  structure. 

Figure  17a  gives  the  doping  profile  of  an  InP  hybrid  simulated 

at  Uo  GHzj  Figure  17b  gives  the  dc  solution  at  T  =  500°K  and 

J,  =  10  kA/cm2.  Large-signal  results  vs.  V__  at  T  =  500°K  and 
dc  Hr 

f  =  Uo  GHz  are  plotted  in  Figure  l8a  and  b,  and  Figure  l8c  shows  the 

results  vs.  Jj  .  The  maximum  efficiency  obtained  was  n  =  2U.8  percent 
dc 

at  J,  =9.87  kA/cm2  and  =  33  V,  and  the  maximum  RF  power  density 
dc  r\r 
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Figure  1?.  (a)  InP  Hybrid  Profile  for  40-GHz  Operation  and  (b)  Dc 

Solution  at  T  =  500°K  and  J^c  =  10  kA/cm2.  (XA  =  0.1*2  um 

J.  =  10  kA/cm2,  E(LHS)  =  3.15  x  10s  V/cm,  E  =  6.916 
dc  max 

x  10s  V/cm,  E  =  3.T55  x  10s  V/cm  and  E(RHS)  =  2.99  x 
105  V/cm) 


Figure  18.  Large-Signal  Results  for  the  Profile  of  Figure  17a  at 


was  P_,„  =  169  kW/cm2  at  J  =  24.3  kA/cm2  and  Vn_  =  33  V.  Table 

nr  CLC  Hr 

19  lists  the  large-signal  results  vs.  J,  and  the  electronic  RF 

dc 

powers  obtained  by  matching  the  diode  negative  resistance  to  1  ft. 

From  Figure  17a,  the  p-region  width  is  l  =  0.68  x  10“**  cm. 

As  before,  when  £, ^  =  0.5  x  10“  4  cm  and  the  final  two  terms  in 
Equation  1  are  reduced  by  0.8  due  to  the  higher  thermal  conductivity 
of  InP  (relative  to  GaAs ) ,  the  following  thermal-resistance 
expressions  are  obtained: 


and 
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Solving  Equations  13  through  15  and  36  through  39  yields  the  CW 
powers  given  in  Table  20  for  the  InP  hybrid  structure. 

Summarizing  the  40-GHz  results  given  in  Tables  12  through  20 
shows  that  the  Si  hybrid  generates  more  CW  power  than  any  of  the 
GaAs  or  InP  structures  for  all  combinations  of  geometry  and  heat¬ 
sink  material.  In  addition,  the  Si  hybrid  generated  more  electronic 
RF  power  (matching  into  1-ft  resistance)  than  any  other  40-GHz 
structure.  This  is  due  to  the  fact  that  for  the  Si  structure,  the 
susceptance  is  much  nearer  to  the  magnitude  of  the  conductance 
than  for  the  other  structures  (G  =-218,  B  =  796  mho/cm2  for  Si; 
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FOR 


G  =-298,  B  =  lUUl  mho/cm2  for  InP).  As  a  result,  when  the  Si 
diode  is  matched  to  1-fi  resistance,  the  resulting  diode  size  is 
larger  for  Si,  and  a  higher  peak  PRF  is  obtained. 

The  InP  hybrid  structure  had  the  best  efficiency,  n  =  2^.8 
percent,  of  any  of  the  1+0-GHz  structures. 
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SECTION  7 


‘V 


RESULTS  AT  60  GHz 


Figure  19a  shows  the  doping  profile  for  the  single-drift 

GaAs  Read  structure  simulated  at  60  GHz,  and  Figure  19t  shows  the 

solution  at  T  =  500°K  and  J,  =15  kA/cm2.  Large-signal  results 

dc 

for  this  structure  at  f  =  60  GHz,  T  =  500°K  and  J  =  15  kA/cm2  are 

plotted  in  Figure  20a  and  b,  and  large-signal  results  vs.  J  at 

V  =  10  V  are  shown  in  Figure  20c.  The  maximum  efficiency  obtained 
RF 

was  n  =  11.1  percent  at  J,  =15.2  kA/cm2  and  V  =  10  V;  the 

Q.C  nr 

maximum  electronic  RF  power  density  was  P  =  38  kW/cm2  at  = 

26.5  kA/cm2  and  V  =  10  V. 

Hr 

Table  21  presents  large-signal  results  vs.  J  for  this  struc¬ 
ture  and  RF  powers  obtained  by  matching  to  1-fi  resistance.  Setting 
Si2  =  0  and  =  0.5  x  10_l*  cm,  as  before,  gives  the  following 
thermal-resistance  expressions  from  Equation  1: 


and 
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Solving  Equations  13  through  15  and  40  through  43  yields 
the  CW  powers  listed  in  Table  22.  The  only  case  which  becomes 
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DISTANCE.  MICRONS 

( b) 

Figure  19-  (a)  Single-Drift  GaAs  Read  Structure  for  60-GHz  Operation 

and  (b)  Dc  Solution  at  T  =  500°K  and  J.  =  15  kA/cm2. 

dc 

(X.  =  O.lU  pm,  T  =  500°K,  J,  =  15  kA/cm2,  E  =  6.82  x 
A  dc  max 

10s  V/cm,  E  =  2.59  x  10s  V/cm,  E(RHS)  =  2.16  x  10s  V/cm 
and  Integrated  Doping  Spike  =  2.91  x  1012  cm-2) 
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thermally  limited  is  the  single  mesa,  copper  heat-sink  case 
starting  at  J^c  =  22.5  kA/cm2.  The  other  cases  are  electroni¬ 
cally  limited. 

Figure  21a  shows  the  hybrid  GaAs  double-drift  profile  simulated 

at  60  GHz,  and  the  dc  solution  at  T  =  500°K  and  J.  =  18  kA/cm2  is 

dc 

shown  in  Figure  21b.  Large-signal  results  vs.  V  at  T  =  500°K, 

RF 

f  =  60  GHz  and  J  =  18  kA/cm2  are  plotted  in  Figure  22a  and  b,  and 

large-signal  results  vs.  J  are  plotted  in  Figure  22c.  The 

maximum  efficiency  obtained  was  n  =  14.2  percent  at  J,  =17-7 

ac 

kA/cm2 ,  and  the  maximum  electronic  RF  power  density  was  P  =  132 

Rr 

kW/cm2  at  J  =  54.8  kA/cm2  and  =  18  V.  Large-signal  results 
vs.  J^c  are  listed  in  Table  23  along  with  electronic  RF  power 
obtained  by  matching  to  l-fi  resistance.  When  it  is  noted  from 
Figure  21a  that  the  p-region  width  is  Z2  =  0 . U  x  10-4  cm,  and 
when  ili  =  0.5  x  10-4  cm  as  before,  the  thermal-resistance 
expressions  become 


and 


e(CM) 

0(DM) 

8(CR) 

0(DR) 


64.27 

50.16 

d 

+ 

d* 

m 

m 

21.42 

50.16 

d 

+ 

d* 

m 

m 

35.35 

50.16 

d 

+ 

~ir~ 

m 

m 

11.78 

50.16 

d 

m 

+ 

d5 

m 

(44) 

(45) 

(46) 

(47) 


Solving  Equations  13  through  15  and  through  47  yields 
the  CW  powers  listed  in  Table  24.  The  case  of  a  single  mesa  on 
a  copper  heat  sink  is  thermally  limited  at  all  the  current  densities 
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DISTANCE,  MICRONS 
(b) 

Figure  21.  (a)  GaAs  Hybrid  Double-Drift  Profile  for  60-GHz  Operation 

and  (b)  Dc  Solution  at  T  =  500°K  and  J,  =  18  kA/cm2. 

ac 

(X  =  0.26  rnn,  Jdc  =  18  kA/cm2,  E(LHS)  =  1.97  x  10s  V/cm, 

E  =  6.18  x  10s  V/cm,  E.  =  2.57  x  105  V/cm  and 
m£ix  o  o 

E(RHS)  =  2.04  x  10s  V/cm) 
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Table  23,  Cont. 


CW  RESULTS  FOR  THE  PROFILE  IN  FIGURE  21a  AT  60  GHz  TAKING 
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used  in  the  simulations.  For  the  other  cases,  the  CW  power  is 

electronically  limited  at  low  values  of  J^c  and  thermally  limited 

at  higher  values  of  J^c .  It  should  be  noted  that  it  is  not  possible 

to  obtain  CW  power  for  any  configuration  above  35  kA/cm2. 

Next,  a  uniformly  doped  GaAs  double-drift  structure  is 

considered.  The  doping  profile  is  shown  in  Figure  23a,  and  the 

dc  solution  at  T  =  500°K  and  Jdc  =  18  kA/cm2  is  shown  in  Figure  23b. 

Large-signal  results  vs.  V  at  f  =  60  GHz  and  J,  =  18  kA/cm2  are 

nr  &C 

plotted  in  Figure  2l+a  and  b,  and  large-signal  results  vs.  J_  at 

dc 

V  =  IT  V  are  plotted  in  Figure  2l+c.  The  maximum  efficiency 
nr 

obtained  for  this  structure  was  n  =  12.1  percent  at  J,  =  29-6 

dc 

kA/cm2  and  V  s  17  V,  and  the  maximum  RF  power  density  was  Por,  = 
nr  nr 

17^.8  kW/cm2  at  J.  =  78.8  kA/cm2.  Large-signal  results  vs.  J, 
dc  dc 

are  listed  in  Table  25.  From  Figure  23a  it  is  seen  that  =  0.1+3 
x  10“ 4  cm,  and  when  =  0.5  x  10~4  cm  is  used  as  before,  the 
thermal  resistance  expressions  for  the  uniform  double-drift  diode 
are 
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Solving  Equations  13  through  15  and  1+8  through  51  yields  the 
CW  power  data  given  in  Table  26.  CW  operation  is  only  possible  for 
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Figure  23.  (a)  Uniform  GaAs  Double-Drift  Doping  Profile  for  60-GHz 

Operation  and  (b)  Dc  Solution  at  T  =  500°K  and  = 

18  kA/cm2.  (XA  =  0.3^  Mm,  Jdc  =  18  kA/cm2,  E(LHS)  = 

1.1+13  x  10s  V/cm,  E  =  5-658  x  10 5  V/cm  and  E(RHS)  = 

018>X 

1.1+12  x  10s  V/cm) 
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low  values  of  dc  current  density.  Comparison  with  the  hybrid 
double-drift  CW  powers  in  Table  2k  shows  that  the  hybrid  is 
capable  of  generating  considerably  more  power  than  the  uniform 
double-drift  at  60  GHz.  However,  comparison  of  electronic  RF 
powers  indicates  that  the  uniform  double-drift  can  generate  more 
power  in  pulsed  operation. 

The  next  structure  considered  is  the  GaAs  double  Bead  profile 

of  Figure  25a.  The  dc  solution  for  this  structure  at  T  =  500°K  and 

J^c  =  15  kA/cm2  is  given  in  Figure  25b.  Large-signal  results  at 

f  =  60  GHz  and  Jdc  =  15  kA/cm2  are  plotted  in  Figure  26a  and  b,  and 

results  vs.  J  at  V  =  17-5  V  are  plotted  in  Figure  26c.  The 
dc  Kr 

best  efficiency  obtained  was  n  -  13.85  percent  at  J.  =  lU.8  kA/cm2 

dc 

and  V  =  17.5  V;  the  maximum  electronic  RF  power  density  was 
PRF  =  82.8  kW/cm2  at  Jdc  =  30.9  kA/cm2  and  =  17-5  V.  Table  27 
presents  large-signal  results  vs.  Jdc  and  powers  obtained  when  the 
diode  is  matched  to  1  fi.  If  =  0.42  x  10~4  cm  from  Figure  25a 
and  £  =  0.5  x  10-4  cm,  then  the  thermal-resistance  expressions  are 


and 
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Solving  Equations  13  through  15  and  52  through 


(52) 

(53) 

(54) 

(55) 


55  yields  the 


CW  powers  listed  in  Table  28.  Comparing  these  powers  with  the 
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Figure  25.  (a)  Double-Read  GaAs  Doping  Profile  for  60-GHz  Operation 

and  (b)  Dc  Solution  at  T  =  500°K  and  J,  =  15  kA/cm2. 

dc 

(XA  *  0.22  pm,  Jd(,  «  15  kA/cm2,  E(LHS)  *  2.48  x  105  V/cm 

(LHS)  =  2.87  x  10s  V/cm,  E  =  5.649  x  105  V/cm, 
to  max 

Eto(RHS)  *  2.57  x  10s  V/cra,  E(RHS)  =  2.158  x  105  V/cm, 

*  2.16  x  1012  cm-2  and  =  1.948  x  1012  cm-2) 
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CW  RESULTS  FOR  THE  PROFILE  IN  FIGURE  25a  AT  60  GHz  TAKING  INTO  ACCOUNT  THE  THERMAL-RESISTANCE  EXPRESSIONS 
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expected  CW  powers  for  the  GaAs  hybrid  in  Table  24  shows  that 
the  CW  power  levels  are  comparable.  Furthermore,  since  the  hybrid 
can  generate  higher  peak  electronic  powers,  there  is  no  advantage 
to  fabricating  a  double  Read  structure  instead  of  the  hybrid 
structure  at  60  GHz. 

Figure  27a  shows  an  InP  hybrid  structure  simulated  at  60  GHz, 

and  Figure  27b  shows  the  dc  solution  at  T  =  500°K  and  J .  =  18  kA/cm 

dc 

Large-signal  results  vs.  at  40  GHz  are  plotted  in  Figure  28a 

and  b,  and  results  vs.  Jdc  at  =  23  V  are  plotted  in  Figure  28c. 

The  best  efficiency  obtained  was  n  =  19*31  percent  at  =  1S.8 

dc 

kA/cm2  and  VR_  =  23  V,  and  the  maximum  RF  power  density  was  P  = 
i\r  RF 

173  kW/cm2  at  Jdc  =50.4  kA/cm2  and  =  23  V.  Table  29  lists  the 
large-signal  results  vs.  J^.  From  Figure  27a,  Z2  equals  0.46  x 
10-4  cm.  Using  A  =  0.5  x  10“4  cm  as  before  and  reducing  the  last 
two  terms  in  Equation  1  by  the  factor  0.8  to  account  for  the  higher 
thermal  conductivity  of  InP  obtains  the  following  thermal-resistance 
expressions : 
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Solving  Equations  13  through  15  and  56  through  59  yields  the 
expected  CW  powers  given  in  Table  30  for  the  hybrid  InP  structure. 
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TABLE  30 


58.  k 


Comparison  with  the  CW  results  for  the  GaAs  hybrid  in  Table  24  shows 
that  the  InP  hybrid  is  expected  to  have  better  performance  at 
6 0  GHz. 

Figure  29a  shows  the  Si  hybrid  doping  profile  that  was 
simulated  at  60  GHz,  and  Figure  29b  gives  the  dc  solution  at 
T  =  500°K  and  J  =  18  kA/cm2.  Large-signal  results  vs.  V  at 

CLC  Rr 

f  =  60  GHz  and  =  18  kA/cm2  are  plotted  in  Figure  30a  and  b; 

results  vs.  Jdc  at  VRF  =  22  V  are  plotted  in  Figure  30c.  Large- 

signal  results  vs.  J^c  are  listed  in  Table  31  along  with  electronic 

RF  powers  obtained  by  matching  the  device  to  1-fi  resistance.  The 

best  efficiency  obtained  was  n  =  18.3  percent  at  J  =  l4.1  kA/cm2 

and  V™,  =  22  V,  and  the  best  RF  power  density  was  P_,„  =  128  kW/cm2 
Kr  Kr 

at  J^c  =  2U.8  kA/cm2  and  VRF  =  22  V.  Using  i2  =  0.8b  x  10-4  cm 
and  4  =  0.5  x  10~4  cm  as  before  and  reducing  the  final  two  terms  in 

Equation  1  by  the  factor  1/3  due  to  the  higher  thermal  conductivity 
of  Si  obtains  the  following  thermal-resistance  expressions: 
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Solving  Equations  13  through  15  and  60  through  63  yields 
the  CW  powers  listed  in  Table  32  for  the  Si  hybrid  diode.  The 
Si  hybrid  can  generate  more  CW  power  than  GaAs  and  InP  due  to 
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Figure  29. 
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(a)  Si  Hybrid  Doping  Profile  for  60-GHz  Operation  and  (b) 

Dc  Solution  at  T  =  500°K  and  J,  =  18  kA/cm2.  (X.  = 

dc  A 

0.34  pm,  J.  =  18  kA/cm2,  E(LHS)  =  1.62  x  10s  V/cm,  E  „ 
dc  max 

5 .46  x  10s  V/cm,  E,  =  2.02  x  10s  V/cm  and  E(RHS)  = 

UO 

1.64  x  10s  V/cm) 


TABLE  32 


Table  32  Cont. 


its  higher  thermal  conductivity  and  "because  the  device  susceptance 
is  much  smaller  for  the  Si  diode. 

In  summary,  the  results  at  60  GHz  were  that  the  highest 
efficiency,  19.3  percent,  was  obtained  for  the  InP  hybrid  structure. 
The  highest  electronic  RF  power  (matched  to  1-fl  resistance)  was 
obtained  for  the  uniform  GaAs  double-drift  diode.  The  maximum 
efficiency  for  the  Si  hybrid  was  18.3  percent,  only  slightly  less 
than  for  the  InP  hybrid;  however,  the  electronic  RF  power  at  the 
maximum  efficiency  point  was  higher  for  the  Si  hybrid.  In  all 
cases,  the  expected  CW  RF  power  was  highest  for  the  Si  hybrid 


diode . 


SECTION  8. 


RESULTS  AT  94  GHz 

Figure  31a  shows  the  doping  profile  for  a  GaAs  Read 
single-drift  structure  simulated  at  94  GHz,  and  Figure  31b  gives 
the  dc  solution  at  T  =  500°K  and  J^c  =  25  kA/cm2.  Large-signal 
results  at  f  =  94  GHz  and  J^c  =  25  kA/cm2  are  plotted  in  Figure 

32a  and  b,  and  Figure  32c  shows  a  plot  of  large-signal  results 

vs.  Jdc  at  VRF  =  6.5  V.  Large-signal  results  vs.  J^c  are  listed 
in  Table  33.  The  optimum  efficiency  for  this  structure  was  n  =  4.04 
percent  at  Jdc  =  29.6  kA/cm2,  and  maximum  electronic  RF  power  density 

was  =  31.9  kW/cm2  at  J ,  =71.2  kA/cm2.  When  l  =  0  and  Si  = 

0.5  x  10“ 4  cm,  the  thermal- resistance  expressions  are 
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Solving  Equations  13  through  15  and  64  through  67  gives  the  CW 
powers  listed  in  Table  34. 

Figure  33a  gives  the  doping  profile  for  a  Si  hybrid  diode 
simulated  at  94  GHz,  and  Figure  33b  gives  the  dc  solution  at 
T  =  500°K  and  J.  =  25  kA/cm2.  Large-signal  results  vs.  V  at 

QC  itr 
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Figure  31.  (a)  GaAs  Single-Drift  Diode  for  94-GHz  Operation  and 

(b)  Dc  Solution  at  T  *  500°K  and  Jdc  =  25  kA/cm2.  (XA  = 
0.1  win,  Jdc  =  25  kA/cm2,  Emax  =  8.68  x  10s  V/cm,  EtQ  = 
2.62  x  10s  V/cra,  E(RHS)  =  2.18  x  105  V/cm  and  ^  = 

4.21  x  1012  cm"2) 
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Figure  33.  (a)  Si  Hybrid  Structure  for  94-GHz  Operation  and  (b)  Dc 

Solution  at  T  *  500°K  and  J  =  25  kA/cm2.  (X  =  0.38  ym 

dc  A 

J  =  25  kA/cm2,  E(LHS)  =  2.24  x  105  V/cm,  E_  =  5.656 
dc  max 

x  105  v/cm  and  E(RHS)  =  2.208  x  10s  V/cm) 


f  =  94  GHz  and  J^c  =  25  kA/cm2  are  plotted  in  Figure  34a  and  b,  and 
large-signal  results  vs.  J^at  =  19  V  are  plotted  in  Figure  34c. 
Large-signal  results  vs.  Jdc  are  listed  in  Table  35-  Using  = 

0.52  x  10“4  cm  from  Figure  33a,  assuming  4  =  0.5  x  10“4  cm  as  before, 

and  then  reducing  the  final  two  terms  of  Equation  1  by  1/3  to  account 
for  higher  thermal  conductivity  in  Si  obtains  the  thermal-resistance 
expressions  as  follows: 
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Solving  Equations  13  through  15  and  68  through  71  yields 

the  expected  CW  powers  listed  in  Table  36.  These  RF  powers  are 

quite  high  due  to  the  high  thermal  conductivity  of  Si  and  the 

smaller  susceptance  values  for  Si  IMPATTs. 

Figure  35a  shows  a  GaAs  double  Read  structure  simulated  at 

94  GHz,  and  Figure  35b  shows  the  dc  solution  at  T  =  50r'°K  and 

J,  =  25  kA/cm2.  Large-signal  results  for  this  structure  vs.  V__ 
dc  r\P 

at  f  =  94  GHz  and  J,  =  25  kA/cm2  are  plotted  in  Figure  36a  and  b, 

dc 

and  large-signal  results  vs.  J^c  at  V  =  11  V  are  plotted  in 
Figure  36c.  Large-signal  results  vs.  J^c  are  listed  in  Table  37. 
From  Figure  35a,  the  p-region  length  is  l2  =  0.26  x  10-4  cm,  and 
when  l  =  0.5  x  10-4  cm,  the  thermal-resistance  expressions  become 
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Figure  35.  (a)  Doping  Profile  of  Double-Read  GaAs  Diode  for  9^-GHz 

Operation  and  (b)  Dc  Solution  at  T  *  500°K  and  J.  =  25 
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Figure  36.  Large-Signal  Results  for  the  Profile  of  Figure  35a  at 
f  =  9U  GHz,  T  =  500°K  and  (a  and  b)  Jdc  =  25  kA/cm2, 
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Solving  for  Equations  13  through  15  and  72  through  75  yields  the 
expected  CW  powers  listed  in  Table  38.  Comparison  with  Table  36 
shows  that  the  Si  hybrid  can  generate  significantly  more  CW  power 
than  the  GaAs  double  Read  structure  at  94  GHz. 

Figure  37a  shows  the  doping  profile  for  a  GaAs  hybrid  structure 

simulated  at  94  GHz,  and  Figure  37b  gives  the  dc  solution  at  T  =  500°K 

and  J.  =  30  kA/cm2.  Large-signal  results  vs.  V  at  f  =  94  GHz  and 
&c  nr 

J^c  =  30  kA/cm2  are  plotted  in  Figure  38a  and  b,  and  large-signal 
results  vs.  Jdc  at  =  12.24  V  are  plotted  in  Figure  38c.  The 
best  efficiency  obtained  was  n  =  7.54  percent  at  J^c  =  30  kA/cm2 
and  Vpj,  =  12.25  V,  and  the  largest  electronic  RF  power  density  was 
PRF  =  121  kW/cm2  at  Jdc  =  117  kA/cm2  and  =  12.25  V.  Large- 
signal  results  vs.  Jdc  are  listed  in  Table  39*  From  Figure  37a, 
the  active  region  length  is  =  0.25  x  10-4  cm,  and  when  = 

0.5  x  10-4  cm  as  before,  the  following  thermal-resistance  expressions 
are  obtained: 
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(a)  Doping  Profile  for  GaAs  Hybrid  Structure  for  94-GHz 

Operation  and  (b)  Dc  Solution  at  T  =  500°K  and  J^c  =  30 
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Solving  Equations  13  through  15  and  76  through  79  yields  the  CW 
powers  given  in  Table  1*0. 

Figure  39a  shows  the  doping  profile  for  the  InP  hybrid  struc¬ 
ture  simulated  at  9**  GHz,  and  Figure  39b  gives  the  dc  solution  at 
T  =  500°K  and  =  25  kA/cm2.  Large-signal  results  vs.  VRR  at 
f  =  9*+  GHz  and  =  25  kA/cm2  are  plotted  in  Figure  UOa  and  b,  and 
large-signal  results  vs.  J^c  at  VRR  =  17  V  are  plotted  in  Figure 
l*Oc.  Large-signal  results  vs.  Jdc  are  listed  in  Table  Ul .  The 
best  efficiency  was  n  =  13. U  percent  at  J^c  =  2h.6  kA/cm2,  and  the 
maximum  RF  power  density  was  PRR  =  162  kW/cm2  at  Jdc  =  92.6  kA/cm2. 

Using  =  0.3  x  lO'4  cm  from  Figure  39a  and  =  0.5  x  10~4  cm  as 
before,  and  reducing  the  final  two  terms  in  Equation  1  by  0.8  to  account 
for  the  higher  thermal  conductivity  of  InP  yields  the  following  thermal- 
resistance  expressions: 
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Figure  39.  (a)  InP  Hybrid  Doping  Profile  for  9^-GHz  Operation  and 

(b)  Dc  Solution  at  T  =  500°K  ar^  V  =  25  kA/cm2.  (X^ 

0.19  Mm,  J_  =  25  kA/cm2,  E(LHS)  =  3.09  x  10s  V/cm, 
ac 

E  =  7-6U  x  10s  V/cm,  E.  =  **.0  x  10s  V/cm  and 
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E(RHS)  =  3.081  x  10s  V/cm) 


Figure  1+0.  Large-Signal  Results  for  the  Profile  of  Figure  39a  at 
f  =  9I*  GHz,  T  =  500°K  and  (a  and  b)  J  =  25  kA/cm2, 
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m  m 

Solving  Equations  13  through  15  and  80  through  83  yields  the  CW 
power  levels  given  in  Table  42. 

Figure  4la  gives  the  doping  profile  for  a  uniform  GaAs  double¬ 
drift  IMPATT  simulated  at  9 4  GHz,  and  Figure  4lb  shows  the  dc  solu¬ 
tion  at  T  =  500°K  and  Jdc  =  60  kA/cm2.  Selected  large-signal  results 

for  different  values  of  J.  and  V__  at  f  =  94  GHz  are  given  in  Table 

ac  nr 

43.  The  best  efficiency  obtained  was  n  =7-92  percent  at  J^c  = 

69.7  kA/cm2  and  VD_  =  15  V,  and  maximum  RF  power  density  was  P__,  = 

Kr  ru* 

196  kW/cm2  at  J,  =  178  kA/cm2  and  V  -  15  V.  From  Figure  4  la, 

dc  ftr 

t2  =  0.32  x  10~4  cm,  and  when  =  0.5  x  10~4  cm  as  before,  the 
thermal-resistance  expressions  become 


e(CM)  =  + 

d2  ’ 

(84) 

m 

m 

e(DM)  =  y--2  + 

47.^3 
d2  ’ 

(85) 

m 

m 

0(CR)  =  3|-^  + 

**7.53 

d2 

(86) 

m 

m 

fl(DR)  «  + 

47^13 

d5 

(87) 

m  m 


Solving  Equations  13  through  15  and  84  through  87  yields  the 
expected  CW  powers  given  in  Table  44. 

Figure  42a  gives  the  doping  profile  for  a  uniformly  doped 
Si  double-drift  IMPATT  simulated  at  94  GHz,  and  Figure  42b  gives 
the  dc  solution  at  T  =  500°K,  and  J^c  =  25  kA/cm2.  Large-signal 
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Figure  U2.  (a)  Doping  Profile  for  Uniformly  Doped  Si  Double-Drift 

IMPATT  at  9^  GHz  and  (b)  De  Solution  at  T  =  500°K  and 


Jdc  =  25  kA/cm2.  (Xft  =  0.37  hb,  E(LHS)  =  1.368  x  105 


V/cm,  E  =  5.^36  x  10s  V/cm  and  E(RHS)  =  1.3^2  x  105 
max 


V/cm) 
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results  vs.  VRF  at  f  =  9*t  GHz  and  J^c  =  25  kA/cm2  are  plotted  in 

Figure  43a  and  b,  and  large-signal  results  vs.  J  at  V  =  18  V 

dc  RF 

are  plotted  in  Figure  l+3c.  Large-signal  results  vs.  Jdc  are 
listed  in  Table  45-  Using  l2  =  0. 1*1*5  pm  from  Figure  l*2a,  assuming 
=0.5  pm  as  before,  and  then  reducing  the  final  two  terms  of 
Equation  1  by  1/3  to  account  for  higher  thermal  conductivity  in 
Si  yields  the  following  thermal-resistance  expressions: 


0  (cm) 

6U.2T 

d 

+ 

17.21 
“d*-  ’ 

(88) 

m 

m 

6  (DM) 

21.1*2 

d 

+ 

17.21 

T5 —  ’ 

(89) 

m 

m 

e(CR) 

35.35 

d 

+ 

17.21 

d2 

(90) 

m 

m 

6  (DR) 

11.78 

d 

+ 

17.21 

d2 

(9D 

m 

m 

Solving  Equations  13  through  15  and  88  through  91  yields  the 
expected  CW  powers  listed  in  Table  1*6. 

When  the  results  obtained  at  9^  GHz  are  summarized,  it  is 
found  that  the  Si  hybrid  and  uniformly  doped  double-drift  devices 
are  capable  of  generating  more  CW  power  than  any  other  structure  for 
all  combinations  of  diode  geometry  and  heat-sink  material.  The  Si 
hybrid  has  the  highest  RF  conversion  efficiency.  The  uniform  GaAs 
double-drift  device  yielded  the  Highest  maximum  electronic  RF 
power  (matching  into  1-fi  resistance  and  ignoring  thermal  effects). 
The  uniform  Si  double-drift  device  was  capable  of  generating  almost 
half  the  peak  RF  electronic  power  generated  by  the  uniform  GaAs 
double-drift  structure. 
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SUMMARY  OF  RESULTS 

Table  47  presents  a  summary  of  the  expected  maximum  CW  powers 
obtained  for  all  combinations  of  frequency,  diode  structure,  mesa 
geometry  and  heat-sink  material  studied.  It  is  seen  that  Si  devices 
yield  the  maximum  power  in  all  cases. 

It  should  be  kept  in  mind  that  the  thermal-resistance  expres¬ 
sions  used  were  quite  optimistic  since  the  mounting  term,  RpKQ» 
Equation  1  was  ignored.  Also,  the  contributions  due  to  interven¬ 
ing  metallization  layers  were  not  considered.  Therefore,  it  is 
expected  that  the  CW  powers  in  Table  47  represent  "best  case"  esti¬ 
mates.  Figure  44  gives  plots  of  the  CW  powers  vs.  frequency  for 
all  four  combinations  of  mesa  geometry  and  heat-sink  material  for 
the  Si,  GaAs  and  InP  hybrid  structures. 

Table  48  lists  the  peak  electronic  RF  power  obtained  by 
matching  each  diode  to  1-fi  circuit  resistance,  excluding  thermal 
considerations.  Results  for  the  uniformly  doped  GaAs  double-drift 
diode  at  94  GHz  in  Table  48  are  not  for  the  structure  examined 
previously  in  this  report,  but  rather  a  structure  recently  found18 
to  have  optimum  electronic  power  generating  capability  at  94  GHz 
was  simulated.  This  structure  has  N.  =  2.2  x  1017  cm-3,  N_  = 

2.23  x  1017  cm-3,  and  W^  =  Wp  =  0.32  ym.  The  very  large  powers 
in  Table  48  for  the  uniform  double-drift  structures  are  brought 
about  by  a  large  increase  in  device  area  required  to  match  into 
1-fi  circuit  resistance  as  J^c  increases.  Both  |g|  and  B  decrease 
(beyond  a  certain  point)  with  increasing  Jdc,  and  also  the  ratio 


TABLE  47 

SUMMARY  OF  CW  RF  POWER  FOR  ALL  FREQUENCIES,  DIODE  STRUCTURES 
AND  MESA  GEOMETRY,  HEAT-SINK  MATERIAL  COMBINATIONS  (W) 


Diode  Type 

Frequency  (GHz) 

30 

4o 

60 

94 

Single  Mesa 

,  Copper  Heat  Sink 

Si  Hybrid 

4.47 

2.94 

1.51 

0.949 

Si  Uniform  Double  Drift 

0.694 

GaAs  Hybrid 

1.56 

1.06 

0.411 

0.106 

InP  Hybrid 

2.53 

1.86 

0.548 

0.28 

GaAs  Double  Read 

2.9 4 

1.84 

0.507 

0.232 

GaAs  Uniform  Double  Drift 

0.19 

0.0302 

GaAs  Single  Drift 

0.375 

0.0438 

Single  Mesa,  Diamond  Heat  Sink 

Si  Hybrid 

15-3 

11.8 

6.88 

3.31 

Si  Uniform  Double  Drift 

3.28 

GaAs  Hybrid 

9.43 

4.78 

1.74 

0.298 

InP  Hybrid 

8.75 

5.9 

2.84 

0.521 

GaAs  Double  Read 

10.3 

4.96 

1.41 

0.284 

GaAs  Uniform  Double  Drift 

1.18 

0.l8l 

GaAs  Single  Drift 

0.514 

0.0891 

Ring  Geometry, 

Copper  Heat  Sink 

Si  Hybrid 

9.23 

6.09 

3.76 

2.08 

Si  Uniform  Double  Drift 

1.69 

GaAs  Hybrid 

4.5 

3.02 

1.08 

0.239 

InP  Hybrid 

5.94 

4.01 

1.73 

0.481 

GaAs  Double  Read 

7.28 

2.96 

1.01 

0.187 

GaAs  Uniform  Double  Drift 

0.628 

0.0997 

GaAs  Single  Drift 

0.514 

0.0737 

Table  47  Cont. 


Frequency  (GHz) 


Diode  Type 

30 

4o 

60 

94 

Ring  Geometry, 

Diamond 

Heat  Sink 

Si  Hybrid 

29.2 

18.8 

11.4 

3.93 

Si  Uniform  Double  Drift 

5.94 

GaAs  Hybrid 

15.8 

7.47 

2.32 

0.347 

InP  Hybrid 

13.9 

7.64 

3.06 

0.635 

GaAs  Double  Read 

16.6 

6.09 

1.9 

0.356 

GaAs  Uniform  Double  Drift 

1.8 

0.181 

GaAs  Single  Drift 

0.514 

0.144 
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FREQUENCY,  OMs  FREQUENCY,  SHt 


Summary  of  Maximum  CW  RF  Powers  Obtained  for  (l)  Si  Hybrid 
Structure,  (2)  InP  Hybrid  Structure,  and  (3)  GaAs  Hybrid 
Structure  vs.  Frequency,  (a)  Single  Mesa,  Copper  Heat  Sink 
(b)  Single  Mesa,  Diamond  Heat  Sink,  (c)  Ring  Geometry, 
Copper  Heat  Sink,  and  (d)  Ring  Geometry,  Diamond  Heat  Sink. 


TABLE  1+8 

SUMMARY  OF  PEAK  ELECTRONIC  RF  POWERS  OBTAINED  BY  MATCHING  TO 


B/ | G 1  decreases,  both  effects  increasing  A  =  -  G/(G2  +  B2).  The 
powers  in  Table  U8  occur  for  J^c  well  above  the  J^c  for  maximum 
RF  power  density.  It  is  doubtful  that  these  peak  powers  could  be 
observed  experimentally  since  the  required  pulse  width  would  be 
extremely  short. 
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